An immunohistochemistry technique was developed using fixed tissues to study the presence and location of transmissible gastroenteritis virus (TGEV) antigens in situ. Experimentally infected gnotobiotic and conventional pigs as well as pigs with natural TGEV infection were examined. The staining technique was based on detection of the major structural protein of TGEV, the nucleocapsid, by using a pool of 3 monoclonal antibodies. Formalin and periodate-lysine-paraformaldehyde (PLP)-fixed intestinal tissues from a gnotobiotic pig inoculated with virulent TGEV were used to determine optimal antibody concentrations and incubation times. The intestinal tissues remained in their respective fixatives for 6 months, and serial sections were removed at sequential times and embedded in paraffin blocks. PLP and 10% neutral buffered formalin were acceptable fixatives and preserved TGEV nucleocapsid antigenicity for up to 6 months. Formalin, in comparison with PLP as a fixative, was better for preserving original tissue morphology and provided better antigen detection. Conventional crossbred pigs were inoculated with virulent TGEV, and animals were euthanized on various postexposure days. Intestinal tissues were positive for TGEV nucleocapsid antigens on postexposure days 2, 4, and 8. The immunohistochemistry technique detected TGEV antigen in stored paraffin-embedded tissues from 14 naturally infected pigs previously confirmed as positive for TGEV using a direct immunofluorescence assay on intestinal mucosal smears, whereas 9 naturally infected pigs confirmed negative for TGEV antigen by the same immunofluorescence assay showed no staining consistent with the presence of TGEV antigen. Immunohistochemistry provides a method to detect TGEV and possibly other closely related coronaviruses such as porcine respiratory coronavirus in situ. A diagnostic test using the same fixed tissues processed for histopathology provides veterinary practitioners an alternative to delivering live pigs or refrigerated fresh intestinal samples containing infectious virus to a diagnostic laboratory. Investigators can utilize this technique to retrospectively screen fixed tissues for TGEV antigen.
Transmissible gastroenteritis (TGE) virus (TGEV) belongs to the family Coronaviridae and causes enteritis in swine of all ages. Enteritis from TGEV results from destruction of villous enterocytes and villous atrophy of the small intestinal mucosa, especially within the jejunum and ileum. 11 Clinical signs of TGE include anorexia, vomiting, diarrhea, and dehydration. Mortality in infected neonatal piglets approaches 100% because of severe diarrhea and dehydration. 14 TGE annually costs the swine industry approximately $200 million through mortality and decreased production efficiency. ' During outbreaks of swine diarrhea, a presumptive diagnosis of TGEV can be made by evaluation of disease history and clinical signs. Histopathologic sections of formalin-fixed jejunum and ileum showing evidence of villous atrophy, although consistent with TGEV infection, can also be associated with other diseases of swine such as rotavirus infections. 14 Historically, confirmation of a diagnosis of TGE has been made by serology, TGEV isolation from feces or intestinal contents, or immunofluorescence staining of cryostat tissue sections 19 or mucosal scrapings from the small intestine of acutely affected pigs. 14 Studies to detect TGEV antigens using fixed tissues have been conducted using various fixatives and staining or labeling techniques. 2, 3, 8 Fixed tissues as diagnostic specimens allow diagnostic laboratories to receive well-preserved tissues that contain no infectious agents. Retrospective studies can be conducted by researchers when fixed tissues are available.
In this study, an indirect immunoperoxidase procedure was developed to diagnose TGE. Viral nucleocapsid (N) antigen was detected in paraffin-embedded, formalin-or paraformaldehyde-lysine-periodate (PLP)fixed swine tissues using a pool of TGEV N-specific monoclonal antibodies (MAbs). MAbs to the N protein of TGEV were used because the N protein represents the major structural protein of the virus. This is the first study conducted using a pool of MAbs to detect TGEV N antigen in formalin-or PLP-fixed intestinal tissues.
Materials and methods
Viruses. The M5C (Miller) virulent strain of TGEV was initially isolated from an outbreak of TGE in a local swine herd. This virus strain has been serially passaged 5 times in gnotobiotic pigs and maintained as an intestinal contents suspension. 21 The U328 (STC6) virulent strain of TGEV" was isolated from intestinal contents of a pig with typical clinical signs of TGE and passaged 6 times in swine testicular cells. 16 Pig inoculation and tissue collection. A 40-day-old gnotobiotic crossbred pig (Gp 24-7) was inoculated with 5 x 10 7 fluorescent focus units of U328 (STC6) TGEV. At postexposure hour 27 (the onset of diarrhea), the pig was euthanized, and sections of duodenum, jejunum, and ileum were collected. Mucosal impression smears were prepared from the sections, fixed in acetone, and stained by direct immunofluorescence assay (DIFA) to confirm TGEV infection. 4 In addition, tissue sections from Gp 24-7 were fixed and maintained in 10% neutral buffered formalin or fixed in PLP and stored in 70% ethanol (PLP/ethanol) and used to optimize the peroxidase staining technique and determine the stability and accessibility of the TGEV N antigen at various fixation or storage times.
Fixing and processing of tissues. Tissues were fixed in 10% neutral buffered formalin for a minimum of 24 hr. The PLPfixed tissues remained in fixative for 20-24 hr and then were transferred to 70% ethanol prior to dehydration and embedment. All tissues except those used to determine TGEV N antigen detection relative to time of fixation or storage were embedded in paraffin within 24-48 hr. Tissues from the ileum of Gp 24-7, used in the antigen stability and accessibility studies, were sequentially cut from those remaining in their respective fixatives or storage solutions, i.e., 10% formalin or 70% ethanol. At various storage times, from 1 day to about 6 mo, these sequential segments were embedded in paraffin.
Tissues were cut in 5-µm sections and mounted on 3-aminopropyltriethoxysilane b -coated glass slides. Slides bearing tissue sections were placed on a 60 C warming tray for 15-20 sec and then stored at room temperature until stained.
At 11 days of age, each pig in a litter of 7 conventionally raised crossbred pigs suckling a TGEV-seronegative sow was inoculated oronasally with 5 x 10 5 plaque forming units of M5C virulent TGEV. At postexposure days (PED) 0, 2, 4, 8, 12, 16 , and 24, 1 pig was euthanized and tissues were collected. Tissues including duodenum, jejunum, ileum, liver, kidney, spleen, trachea, lung, nasal turbinate, and brain from each pig were removed and placed in 10% formalin or PLP. Tissues collected at PED 0 and collected from an agematched, conventionally raised litter of pigs (suckling a TGEV seronegative sow) that had been inoculated with mock-infected cell culture fluids served as negative controls.
Naturally infected pigs. Four 3-5-day-old pigs in various stages of clinical diarrhea were confirmed to be infected with TGEV by DIFA of intestinal mucosal impression smears. One pig was submitted dead, and the carcass was severely dehydrated. Another pig was severely dehydrated and laterally recumbent at the time of euthanasia. Necropsy of these pigs showed extreme thinning of the small intestinal wall consistent with mucosal damage by TGEV. Marked villous atrophy was confirmed in histopathologic sections. The other 2 pigs were submitted with acute signs of diarrhea, but dehydration was not yet evident. Mild to moderate villous atrophy was noted in histopathologic sections derived from these 2 pigs. Segments of the duodenum, jejunum, and ileum were collected from these 4 pigs and fixed in 10% formalin as above.
Tissue preparation. Tissue sections were incubated at room temperature with 0.3% hydrogen peroxide in absolute methanol for 30 min to block endogenous peroxidase activity. Tissue digestion was accomplished using pronase E. b Optimal enzyme concentrations and incubation times were determined experimentally for the digestion of tissue sections fixed in formalin or PLP. Enzyme concentrations of 0.5, 1, 2, and 4 U/ml with incubation times of 5 and 10 min at room temperature were tested. Tissues were blocked with 1.5% horse serum in phosphate-buffered saline (PBS) (pH 7.4) for 30 min at room temperature.
MAbs to TGEV The MAbs to the N protein of TGEV (N-MAbs) were produced in mice and previously described. 16, 22 Three TGEV N-MAbs (25H7, 14G9, 14E3) either were used individually or were pooled as the primary antibody to detect TGEV antigen in tissue sections. Each N-MAb, produced as mouse ascitic fluids, had indirect fluorescent antibody titers of 1-2 x 10 5 when assayed in TGEVinfected cell cultures. 22 TGEV N-MAbs 25H7 and 14G9 compete for binding of N antigen in competition assays and the third N-MAb, 14E3, does not compete with 25H7 or 14G9, suggesting that it recognizes a distinct epitope. 16 Another TGEV MAb (25C9), directed against the spike protein of TGEV, 16 was also tested in the assay. Nonbiotinylated and biotinylated N-MAbs (bN-MAbs) 16 were compared for TGEV-specific staining of tissues in 1 experiment, and thereafter only nonbiotinylated N-MAbs were used. Optimal N-MAb pool dilutions were determined experimentally by comparing the staining produced by 2-fold serial dilutions of N-MAbs and bN-MAbs in PBS (pH 7.4). A MAb to porcine rotavirus was used for negative control staining of experimental tissues. Relative intensity of TGEV N antigenspecific staining was graded from 1 to 4+, with the TGEV N-MAb pool giving a staining score of 4+. A retrospective study was conducted using formalin-fixed, Immunoperoxidase staining. The immunoperoxidase paraffin-embedded tissues from 23 pigs submitted to our staining technique (IPST) used on tissue sections involved laboratory between 1990 and 1994. All submissions were for incubating a secondary antibody, biotinylated horse antian etiologic diagnosis of herd outbreaks of pig diarrhea. Using mouse IgG, from a commercial kit c at a 1:200 dilution in the DIFA, 14 pigs had been confirmed positive for TGEV PBS (pH 7.4) containing 1.5% horse serum for 30 min at antigen. Nine other pigs that tested negative for TGEV an-room temperature to detect bound TGEV N-MAbs. The high tigen showed specific staining for rotavirus antigen (5 pigs) affinity of avidin for biotin was exploited by incubating a or stained negative for TGEV and rotavirus antigens (4 pigs) preformed avidin-biotin-peroxidase complex (ABC) moleusing DIFA.
cule to the biotinylated secondary antibody for 1 hr at room temperature. In the protocol using bN-MAbs, the ABC mol- 
Results
Enzyme digestion of tissues. Using ileal tissue sections from Gp 24-7 fixed in 10% formalin or PLP and various pronase E concentrations and incubation times, TGEV N antigen detection was optimized using 0.5 U/ml pronase E for 5 minutes at room temperature. Using 0.5 U/ml pronase E produced only slightly better staining than when sections were not incubated with the protease. Higher enzyme concentrations or incubation times decreased TGEV N antigen-specific staining, altered tissue morphology, and detached tissues from glass slides.
Endogenous peroxidase blocking. Minimal amounts
of staining due to endogenous peroxidase in tissues were present in the ileal sections of Gp 24-7. Experimentally and naturally infected conventional pig intestinal tissues did exhibit some staining due to endogenous peroxidase, but nonspecific staining did not hinder the detection of TGEV N antigen in intestinal tissues.
TGEV N antigen detection using MAbs. TGEV N antigen was detected in the ileal sections of GP24-7 using the N-MAb pool diluted to 1/64,000 in PBS (pH 7.4) and incubated overnight at 4 C. At dilutions less than 1/400, background staining was excessive and approached that of TGEV N antigen-specific staining. For a shortened 1-day procedure, the N-MAb pool was used at dilutions of 1/2,000 to 1/4,000 and incubated at 37 C for 1 hour. Specific TGEV N antigen staining was nearly as good using the shortened procedure, but background staining of tissues was slightly increased. Individual N-MAbs produced various amounts of N antigen-specific staining of Gp24-7 ileal tissues ( Table  1) . Although TGEV N antigen-specific staining could also be accomplished with bN-MAbs, this procedure produced less intense specific staining and required bN-MAb pool dilutions of less than 1/2,000 when incubated overnight at 4 C. Background staining of tissues was not evident at bN-MAb dilutions above 1/500.
Enterocytes contained TGEV N antigens throughout the cytoplasm during the acute stages of an active infection of Gp 24-7. Only villous, not crypt, epithelial cells stained positive for TGEV N antigen (Fig. 1A) . Distinct cell outlines were visualized and the nucleus was distinguishable because of its lack of staining and negative contrast. Tissue sections from Gp 24-7 incubated with a rotavirus-specific MAb instead of the TGEV N-MAb pool exhibited no staining of entero-cytes ( Fig. 1B) . When tissues from a control pig with no exposure to TGEV were treated with the N-MAb pool, no staining of the enterocytes was evident (not shown).
Fixation time versus stability and accessibility of TGEV N antigen. The TGEV N antigen was detected in intestinal tissues fixed and stored for various times (up to 6 months) in 10% formalin or PLP/ethanol. No loss of staining intensity was noted with time when either fixative was used. However, original tissue morphology was preserved and N antigen staining was superior with fixation in 10% formalin.
Detection of TGEV N antigen over time in pigs inoculated with virulent M5C TGEV. All pigs had diarrhea from PED 1 to PED 3. The TGEV N antigen was detected at PEDs 2 and 4 as diffuse cytoplasmic staining in many villous enterocytes of the jejunum and ileum (Table 2) . At PED 8, the cytoplasm of only a few jejunal and ileal villous enterocytes stained for TGEV N antigen. Staining for TGEV N antigen was not detected in any of the other tissues examined from the TGEV-inoculated litter. No diffuse staining of enterocytes was seen in the TGEV-inoculated pig at PED 0 or in the age-matched pigs of the control litter.
In the mock-inoculated control and TGEV-inoculated pigs at all PEDs, focal staining (FS) was noted in a supranuclear location of the cytoplasm of enterocytes and crypt cells of the duodenum, jejunum, and ileum (Fig. 2) . The FS was different from the diffuse staining of the TGEV N antigen seen in the cytoplasm of villous enterocytes. The FS could not be consistently eliminated when sections were preincubated with pig hyperimmune TGEV polyclonal antiserum or normal pig serum prior to incubation with the N-MAb pool, but the FS could be completely abolished when the N-MAb pool was omitted. The FS was due mainly to the 14G9 N-MAb but could also be produced using the other TGEV MAbs, including the TGEV spike protein MAb 25C9. The FS was more intense at lower MAb dilutions or longer MAb incubation times. No FS was observed when the porcine rotavirus MAb was used for staining.
Pigs naturally infected with TGEV. Small intestine tissues from 4 pigs naturally infected with TGEV were stained using the N-MAb pool with the IPST. Each pig exhibited TGEV N antigen staining in the enterocytes of the jejunum and ileum. Although 1 pig had died prior to presentation for necropsy, detached enterocytes, as individual cells or in sheets, stained for the presence of TGEV N antigen (Fig. 3) .
In the retrospective study of small intestine tissues from pigs of herds with diarrheal outbreaks, 100% of 14 pigs naturally infected with TGEV and confirmed positive for TGEV by DIFA stained for the presence of TGEV N antigen using the IPST with N-MAbs. Likewise, 9 prior submissions positive for rotavirus antigens or negative for TGEV and rotavirus antigens by DIFA were confirmed to be negative for TGEV N antigen using the IPST.
Discussion
Diarrhea caused by TGEV is due to maldigestion and malabsorption from villous atrophy and destruction of villous enterocytes, which decreases intestinal surface area. Direct immunofluorescence of acetonefixed villous smears prepared from mucosal scrapings of the small intestines from pigs acutely affected with diarrhea has historically been the simplest and most common way to diagnose TGE. 14 When diarrhea develops in TGEV-infected pigs, many villous epithelial cells and villi have already been damaged. Once villi are lost, usually within 24-48 hours after infection, a diagnosis of TGE by direct immunofluorescence is difficult because of the loss of TGEV-infected villous enterocytes.
Optimal submissions for a definitive diagnosis of TGE are acutely affected pigs delivered live for necropsy and sample collection by diagnostic laboratory personnel. A major problem with the DIFA is the necessity for delivery of adequately preserved tissues to a diagnostic laboratory and the narrow time frame for collection of tissues from pigs in the field (within 24- Table 2 . Immunoperoxidase staining* of TGEV N antigen in duodeum (D), jejunum (J), and ileum (I) from pigs experimentally inoculated with virulent M5C TGEV or mock-infected cell culture fluid. 48 hours after diarrhea onset). Many swine farmers and veterinary practitioners do not live within a reasonable driving distance of animal diagnostic laboratories, thus necessitating sending samples by mail. Whereas chilled intestinal samples may deteriorate prior to arrival at a diagnostic laboratory, tissues fixed for TGEV N antigen detection using the IPST allow for the mailing of specimens to laboratories without further deterioration.
Various fixatives, including acetone, ethanol, glutaraldehyde, PLP, and formalin, have been reported as useful for fixation of tissues for later analysis. [1] [2] [3] 5, 10 Acetone fixation has been shown to be superior to PLP and formalin fixation when polyclonal antibodies were used to detect TGEV antigens in tissues. 2 PLP-fixed tissues had reduced TGEV-specific staining, and formalin-fixed tissues were virtually devoid of TGEVspecific staining. 2 Acetone is extremely volatile and highly flammable, limiting its usefulness for routine fixation of tissues by veterinary practitioners. Our current studies show formalin and PLP are excellent fixatives for use in an IPST; the TGEV N protein antigenicity is maintained in fixed tissues for up to 6 months. Others determined that aldehyde fixatives such as PLP or formalin were not acceptable for detection of intracellular antigens such as the TGEV N antigen 20 in cell culture. Aldehyde fixatives can alter or destroy specific epitopes or make them inaccessible to antibody binding because of the cross-linking of lysyl groups. 5, 15, 18 However, using formalin or PLP as fixa-tives for TGEV-infected intestinal tissues followed by paraffin embedment and sectioning allows access to intracellular antigens. In an immunohistochemical assay, 7 MAbs that could bind bovine viral diarrhea virus (BVDV) antigens in frozen tissues were unable to bind BVDV antigens in formalin-fixed tissues. 5 These results were confirmed by our studies as indicated by the variability of N-MAb binding to the Gp24-7 tissues (Table 1) . Thus, when the IPST is used to detect antigens in fixed tissues, numerous MAbs must be tested and compared. Using a pool of TGEV N-MAbs increases the likelihood that the IPST will detect all TGEV isolates.
The IPST described here for the detection of TGEV N antigen in formalin-or PLP-fixed, paraffin-embedded intestinal tissues provides an alternative method for identifying TGEV as the etiologic agent in outbreaks of swine diarrhea. Using N-MAbs and the IPST described, we detected TGEV-infected villous enterocytes at PEDs 2, 4, and 8 (days 1, 3, and 7, respectively, after onset of diarrhea). The rapid postmortem detachment of the villous epithelium also makes diagnosis of TGE difficult by direct immunofluorescence because many villi are lost during preparation of the mucosal surface before scraping to make smears. We readily detected TGEV N antigen in small intestine tissues of a pig that died from diarrhea and dehydration due to TGE (Fig. 3) .
Aldehyde fixation of tissues allows veterinary practitioners to ship swine intestinal samples for TGEV identification in a well-preserved, noninfectious state. Additionally, tissue sections for TGEV confirmation by antigen detection can be cut from the same paraffin cassette as histopathologic sections. Veterinary researchers can hold collected tissues in fixatives or paraffin blocks for later testing, allowing consistency of reagents when comparison between test subjects is desired. Retrospective TGEV antigen studies can also be conducted on tissues that have been maintained in formalin or paraffin cassettes. Our current studies using stored paraffin cassettes showed 100% of specimens confirmed positive by DIFA tested positive by IPST. Some pigs can be in the acute stages of infection or have only segmental regions of the intestine infected at the time of fixation. Therefore the IPST should be used to stain multiple areas of the small intestine, each placed within the same paraffin cassette for sectioning.
Of the 3 TGEV structural proteins, the N protein is the only protein that does not elicit neutralizing antibodies. 9,10 Therefore the amino acid sequence of the N protein should be more highly conserved among TGEV isolates. 9 The use of a TGEV N antigen-specific MAb pool should detect more TGEV isolates than when an individual detector MAb is used because more than 1 epitope on the N protein would be detected with the pool. 16 Although TGEV N antigen can be detected using biotinylated MAbs, higher N-MAb concentrations are required and lower N antigen-specific staining is produced than when nonbiotinylated MAbs are used in conjunction with a biotinylated linking antibody (horse anti-mouse IgG).
Protease enzyme digestion of fixed tissues aids in detection of a variety of antigens. 6 We found little advantage to pronase E digestion of tissues when detecting TGEV N antigen in formalin-or PLP-fixed intestinal tissues. Prolonged digestion with pronase E decreased specific staining for N antigen and caused detachment of tissue sections from glass slides.
Our studies showed that swine intestinal tissues require a quenching of endogenous peroxidase activity to aid in discrimination of TGEV-specific antigen staining from nonspecific staining. The only intestinal tissues in our studies that did not have endogenous peroxidase were intestinal tissues from the gnotobiotic pig, Gp 24-7.
The FS, which occurred in some enterocytes and crypt cells, was always distinguishable from the diffuse cytoplasmic staining of the villous enterocytes consistent with TGEV N antigen-specific staining. The FS of enterocytes (probably in the area of the endoplasmic reticulum or Golgi apparatus) was seen in control and TGEV-inoculated pigs, indicating that the FS is not due to the presence of TGEV N antigen. Because the FS could be abolished by deleting the N-MAb pool from the staining protocol and could be reduced by using higher dilutions of the N-MAbs or spike protein MAbs or shortening their incubation times on the tissues, the FS is possibly due to a nonspecific binding of the TGEV MAbs to cellular components. The FS of enterocytes was an inconsistent finding in intestinal tissues of pigs tested in our retrospective study, indicating that nonspecific binding of TGEV MAbs does not occur in enterocytes of all pigs or that quality of processing of the historical tissues may have varied prior to the time of paraffin embedment.
The use of an IPST on fixed, paraffin-embedded tissues provides a sensitive method to study the presence of TGEV antigens in situ. IPST provides advantages over immunofluorescence techniques. Slides produced by IPST can be viewed by light microscopy and the staining is permanent. With counterstaining the presence of histopathologic lesions can be shown consistent with the presence of TGEV antigen.
Further studies are needed to determine if the closely related virus porcine respiratory coronavirus (PRCV) can be detected in respiratory tissue using the same N-MAb pool tested in this study. 12, 17, 23 High amino acid sequence homology exists between TGEV and PRCV N proteins. 13 PRCV antigens have been detected from the upper respiratory tract tissues of PRCVinfected pigs (Saif and Agnes, unpublished observations) using polyclonal antibodies and in PRCV-infected cell cultures by DIFA (Saif and Weilnau, unpublished observations) 
